Introduction
The Dhori/India/1313/61 (Dhori) virus belongs to a group of tick-borne viruses (Anderson & Casals, 1973; Williams et al., 1973; Filipe & Casals, 1979) that have also been shown to infect vertebrate (humans and livestock) hosts (Anderson & Casals, 1973; Berge, 1975; Sokhey et al., 1977) . We have demonstrated previously that members of the Dhori serogroup of viruses possess seven ssRNA segments and have a virion structure similar to that of members of the influenza virus group (Clerx et al., 1983) . The viral RNA has been shown to encode its genetic information in the negative sense (Clerx et al., 1983; Fuller et al., 1987 Fuller et al., , 1989 . The sequence of RNA segment 5 (RNA-5) of Dhori virus has been determined and shown to encode a protein with structural properties similar to those of the nucleoproteins (NPs) of influenza A, B and C viruses (Fuller et al., 1987) . In addition, the Dhori virus NP has been shown to share distant, but significant, amino acid homology with the influenza virus family of NPs. Dhori virus RNA-4 has been sequenced and is predicted to encode the single envelope protein of this virus, gp65 (Freedman-Faulstich & Fuller, 1990 ). The Dhori virus envelope protein does
The nucleotide sequence data reported have been deposited in the GenBank database under the accession number M95567. 000!-0766 © 1992 SGM not share amino acid sequence identity with any of the orthomyxovirus envelope proteins, but does share sequence identity with the baculovirus envelope protein, gp64 (Morse et al., 1992) . Since arthropod cells do not contain sialic acids (Schlesinger, 1975) , the cellular receptor(s) for Dhori virus is different from that for influenza viruses.
Recently we have also determined the complete nucleotide sequence of Dhori virus RNA-2 (Lin et al., 1991) . The gene product of this segment is a PBl-like protein, designated Pot, which shares 27 to 31% amino acid identity with the influenza A, B and C virus PB1 proteins (Lin et al., 1991) .
The Thogoto serogroup of viruses, which replicate in both ticks and vertebrates (Davies et al., 1986) , have also been shown to share some structural and genetic features with orthomyxoviruses (Clerx et al., 1983) . Recently it has been shown that Thogoto virus contains six segments of ssRNA and that the predicted gene product of segment 3 shares significant amino acid identity with the PA proteins of influenza A and B viruses (Staunton et al., 1989) . There is no detectable antigenic relationship between Dhori and Thogoto viruses or members of the Orthomyxoviridae (Clerx et al., 1983) , although it is clear that they all share a common evolutionary progenitor.
We report here the nucleotide sequence of Dhori virus RNA-6. The sequence of this RNA segment is predicted to encode one gene product of 270 amino acids, which is likely to represent the viral membrane (MI) protein. In addition, a second overlapping open reading frame (ORF) can potentially encode a protein of up to 141 amino acids. However, we have been unable to detect RNA-6-specific subgenomic RNA in infected Vero cells, and in addition have not detected any candidate polypeptides that might represent a product of this ORF.
Methods
Virus. Dhori virus was grown in African green monkey kidney Vero cells as described previously (Clerx et al., 1983) . Virus purification and RNA extraction have also been described previously (Clerx et al., 1983) .
Isolation of infected cell mRNA. RNA was isolated from Dhori virusinfected Vero cells at 48 h post-infection, phenol-extracted, ethanolprecipitated and purified by oligo(dT)-cellulose chromatography as described previously (Collins et al., 1982; Fuller et al., 1983) .
Cloning of virus-specific DNA and identification of clones. Doublestranded eDNA was synthesized from Dhori virus RNA by using avian myeloblastosis virus reverse transcriptase with an oligo(dT)12_18 primer and second-strand synthesis by RNase H nicking and replacement synthesis with Escherichia coli DNA polymerase I as described (Gubler & Hoffman, 1983 ). The blunt-ended eDNA was ligated to pBR322 which had been cut by PvulI, and dephosphorylated. The chimeric DNA was then used to transform competent E. coli MC 1061 cells as described previously (Bishop et al., 1982) . E. coli clones containing virus-specific inserts were screened by a colony hybridization procedure (Grunstein & Hogness, 1975) . The probe used to screen insert-bearing clones was obtained by reverse transcription of Dhori virion RNA. The primer used for probe synthesis, 5' AGCAAAA-ACA Y, is complementary to the 3' termini of all seven Dhori virus RNA segments.
Northern blot analyses. RNA isolated from Dhori virus-infected Vero cells as described above was resolved on 1.5% agarose gels containing 5 mM-methylmercuric hydroxide. The RNAs were transferred by diffusion to a nylon membrane filter (Biodyne-Pall; ICN). The filter was baked at 80 °C for 1 h and prehybridized for 5 to 6 h at 42 °C in 5 x SSC, 50 mM-sodium phosphate pH 6.5, 0.1% SDS, 250 Ixg/ml salmon sperm DNA and 50% (v/v) formamide (Alwine et al., 1979) . After the prehybridization, nick translated pD26-16 was added with fresh hybridization solution and incubated at 42 °C for 12 to 16 h. The filters were washed after hybridization with 2 x SSC and 0.1% SDS at room temperature, and subjected to autoradiography. S1 nuelease mapping of segment 6 mRNA. The 932 bp insert from pD26-16 was amplified by the polymerase chain reaction (PCR) in the presence of [~-32p]dATP using an oligonucleotide primer pair which flanks the PvuII site of pBR322 (51, 5' GACCACGCTGATGAG-CTT 3'; 52, 5' CACCGTCATCACCGAAAC 3'). The 932 bp fragment was strand-separated on a 5% strand separating gel as described by Maniatis et al. (1982) . The slow (complementary to genomic RNA) and fast (complementary to antigenomic RNA) ssDNAs were eluted and hybridized separately to 2 ttg of poly(A) + RNA isolated from either Dhori virus-infected or uninfected Vero cells. Total infected cell RNA was isolated as described previously (Collins et al., 1982) . Hybridization of the strand-separated probes and mRNAs was performed at 45 °C for 10 h in 80% formamide, 40 raM-MOPS pH 6.5, 400 mM-NaCI and 1 mM-EDTA. Prior to hybridization, 20 ~tg of yeast tRNA was added to the hybridization mix and the reactions were heated to 85 °C for 5 min. After hybridization, SI nuclease digestion was performed at 30 °C for 1 h after adding 6 Ixg of denatured salmon sperm DNA and 300 units S1 nuclease. The S1 nuclease buffer consisted of a final concentration of 0.28 M-NaCI, 0.05 M-sodium acetate pH 4-5, 4.5 mMZnSO4. A stop buffer was added to the reaction after digestion to give a final concentration of 0-78 M-ammonium acetate, 3"9 mM-EDTA, 3.2 Ixg yeast tRNA. The hybridization reaction was ethanol-precipitated and resolved on a 4% native polyacrylamide gel.
Sequencing of cloned cDNA. The sequence of the cloned cDNAs was determined by the chemical modification method (Maxam & Gilbert, 1980) . DNA fragments suitable for sequence analysis were obtained either by strand separation or by secondary cleavage of 3' or 5' endlabelled restriction enzyme fragments. The 5' end of the viral RNA was determined directly by using the chain termination procedure as described by Davis et al. (1986) and Zimmern & Kaesberg (1978) using the oligonucleotide primer 5' TAGAGCACCGACCGATCCTT 3' (nucleotides 841 to 860).
Nucleotide and amino acid sequence data were stored and edited with a Digital Equipment Corporation VAX/VMS and the sequence analysis software package (version 6.1) of the University of Wisconsin Genetics Computer Group (Devereux et al., 1984) . The amino acid and nucleotide sequence data were analysed by the ALIGN program (Dayhoff et al., 1983) and the FASTP program (Lipman & Pearson, 1985) from the Protein Identification Resource.
Amino acid analysis of MI protein.
Dhori virus particles were purified by uitracentrifugation (1 h at 100000g) on a linear caesium chloride (12 to 42% w/w) gradient. Gradient-purified virus particles were boiled in protein sample buffer (0.0625 M-Tris-HC1 pH 6.8, 2-3% SDS, 0.71 M-2-mercaptoethanol) for 3 min and resolved on 10% polyacrylamide gels as described previously (Collins et al., 1982) . The Dhori virus M1 protein was isolated by electroelution with an ISCO sample concentrator from polyacrylamide gel slices, lyophilized and 5 nmol of protein was hydrolysed with 1 ml of 6 M-HCI in glass vials that were evacuated, sealed and incubated at 115 °C for 22 h. Amino acids were identified and their molar proportions determined using a Beckman amino acid analyser. Cytochrome c (horse heart type VI; Sigma) was analysed alongside the M1 protein as a control. We were unable to determine the cysteine content of the protein, presumably due to loss during the acid treatment. Also, the high glycine levels in our protein sample were most likely due to contamination from the PAGE buffer.
Results

Nucleotide sequence of RNA-6
We have previously described the isolation of Dhori virus-specific cDNA inserts from infected cell mRNAs (Fuller et al., 1987) . By Northern blot analysis we identified eight cDNA clones containing inserts specific for viral RNA-6. We selected one of the largest, pD26-16 (0.9 kbp insert), for sequence analysis. In addition, we had previously obtained sequence information by direct RNA sequencing (Clerx et al., 1983) of the first 25 nucleotides of viral RNA-6.
The strategy for determining the sequence of pD26-16 is shown in Fig. 1 confirmed by sequencing overlapping fragments. In addition, the oligonucleotide 5' T A G A G C A C C G A C C -G A T C C T T 3' was used to determine the sequence of the 5' end of the viral R N A by the dideoxynucleotide method as described previously (Davis et al., 1986) . The nucleotide sequence of RNA-6 of Dhori virus is shown in the plus sense in Fig. 2 ; it contains 962 nucleotides. The first initiation codon in this gene is found at nucleotides 31 to 33 and this O R F remains open until a single amber termination codon at nucleotides 841 to 843. This first A U G codon is in a strong context for protein synthesis initiation (A at -3 and a G at + 4 ) (Kozak, 1986) . In addition, a second O R F which potentially can encode a 141 amino acid polypeptide in the + 3 reading frame starts at nucleotides 513 to 515 and remains open until a single opal termination codon at nucleotides 936 to 938. This second O R F overlaps the first between nucleotides 513 and 843, as shown in Fig. 2 . It should be noted that there is only one methionine codon predicted in the second QRF, 18 codons from the C terminus. Therefore, if the second O R F of segment 6 is expressed by internal initiation of translation at a methionine codon, this would result only in the expression of an 18 amino acid peptide. A search of the sequence indicated that a site from nucleotides 50 to 58 ( C A G / G T A A T T ) is a reasonable fit for a consensus splice donor sequence [ ( C / A ) A G / G T P u A G T ] (Mount, 1982) . The most favourable prediction of a splice acceptor site would be T C C T G C A G / G C at nucleotides 743 to 752 [(Py)nGPyAGGT], which would allow the expression of the -t-3 reading frame, producing a 68 amino acid polypeptide. polyacrylamide gel, was hydrolysed and the amino acids were analysed as described in Methods. The amino acid composition as determined by the acid hydrolysis agrees well with the number of amino acids predicted from the nucleotide sequence, with the exception of glycine, cysteine and tyrosine. The over-estimate of the glycine residues can be explained by contamination during P A G E , cysteine was undetectable and possibly lost during hydrolysis, and tyrosine is underestimated (six of 12). A cytochrome c protein control was hydrolysed alongside the M1 protein and this analysis indicated that an underestimation of tyrosine and cysteine could be made. The amino acid composition data, coupled with the good agreement between the predicted Mr of 30498 compared to a P A G E estimate of 29000, strongly implicates the Dhori virus M~ protein as the gene product of the large O R F of RNA-6. We attempted to detect a possible second O R F gene product in two ways. The first approach was to radiolabel infected and mock-infected Vero cells and compare the infected cell polypeptides on polyacrylamide gels. Since we were unable to detect any viral polypeptides other than the structural proteins using [35S]methionine labelling, we chose to radiolabel with [3H]arginine because there were 25 predicted arginine residues in this ORF compared to one predicted methionine. We were unable to obtain any evidence of an additional arginine-rich protein in infected cells. The second approach was to produce a synthetic peptide (NH 2-Glu-Gly-Val-Arg-Gln-Lys-Asp-Val-His-Lys-GlyPro-Val-Glu- 
Amino acid composition of the Dhori virus M1 protein
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Analysis of Dhori virus RNA-6 transcripts
To determine whether there were any additional mRNA species that could account for the expression of any portion of the coding information in the + 3 reading frame (to express the putative second ORF-encoded polypeptide), we isolated RNA from Dhori virusinfected and uninfected cells, resolved the RNA on a 1"57o agarose gel and transferred the RNA to a nylon membrane as described in Methods. The infected cell RNAs were hybridized with the nick-translated segment 6 clone pD26-16. Fig. 3 shows the results obtained from this experiment. An approximately 1-0 kb band is the predominant product seen in infected cells. This species corresponds in size to a fullqength or near fullqength polyadenylated transcript of segment 6. We also analysed poly(A) ÷ RNA from infected cells and obtained a result identical (our unpublished observation) to that in Fig. 3 , which indicates that the majority of the RNA-6 transcripts are polyadenylated. In addition to the 1.0 kb RNA transcript shown in Fig. 3 , upon over-exposure of the blot it was possible to detect up to five minor RNA species of approximately 0-3 to 0-5 kb in size which could possibly represent discrete subgenomic transcripts. Further studies are needed to determine whether these could represent minor but distinct subgenomic RNA transcripts.
S1 nuclease mapping of segment 6 RNAs
To determine whether the insert for pD26-16 was derived from a spliced transcript of RNA-6 and whether any minor subgenomic RNAs were detectable in infected cells we performed an S1 nuclease protection assay on infected cell RNA as described in Methods. The 930 bp insert of pD26-16 was amplified by PCR using a pair of oligonucleotides flanking the PvulI insertion site (see Methods). The PCR amplification was performed in the presence of [ct-3zp]dATP to provide a radiolabelled probe for the assay. The fast and slow strands of the insert were separated (we had previously determined from our sequence studies that the fast strand is complementary to antigenome-sense RNA and the slow strand is complementary to genome-sense RNA) as described above. Fig. 4 shows the results obtained when the slow and fast strands were hybridized to either uninfected (lanes 2 and 3) or Dhori virus-infected Vero cell extracts (lanes 4 and 5) and digested with S1 nuclease. A prominent band was detected in lane 4, corresponding in size to the complete 930 bp probe. It is also possible to detect a smaller amount of the 930 bp genome-sense RNA in lane 5 protected by the slow strand probe. These results demonstrate that the major transcription product of Dhori virus RNA-6 is a fulllength unspliced RNA.
Comparison of Dhori and influenza A, B and C virus M1 polypeptides
The FASTP program of Lipman & Pearson (1985) was used to determine whether the predicted Dhori virus M1 polypeptide shared identity with any of the protein sequences in the National Biomedical Research Foundation Protein Identification Resource (NBRF-PIR, Washington D.C., U.S.A.). The ALIGN program (Dayhoff et al., 1983) was used to determine whether any of the potential amino acid homologies identified by FASTP were significant. No significant homology with any of the existing sequences in the NBRF-PIR was found for either Dhori virus M1 protein or the predicted second ORF product. Since we have previously demonstrated that there is significant although distant similarity between the NPs of Dhori virus and influenza A, B and C viruses (Fuller et al., 1987) , and a high degree of identity with the PB1 group of proteins (Lin et al., 1991) , we were interested in comparing the structural properties of the M~ and second ORF polypeptides of Dhori virus with the available data for influenza A, B and C virus proteins. Table 2 compares the size and charge of the polypeptides in this group. All four of the M~ polypeptides have a net positive charge at pH 7.0. The M2 protein of influenza A virus has been shown to be a transmembrane protein and is expressed on the surface of infected cells and in virus particles (Lamb et al., 1985) . The influenza B virus M2 protein may also be a transmembrane protein but, unlike the Ma proteins, the 3) or Dhori virus-infected (lanes 4 and 5) total cytoplasmic RNAs were hybridized to the strand-separated, radiolabelled insert of RNA-6, pD26-16, as described in Methods. The slow and fast strands respectively were annealed to mock-infected (lanes 2 and 3) or infected (lanes 4 and 5) cell R N A prior to digestion with S1 nuclease. A HinfI digest of pBR322 (lanes 1 and 6), which had been radiolabelled by a fill-in reaction, was included as a molecular size marker and resolved on a 4% native polyacrylamide gel. Autoradiography exposure was for 10 days.
influenza B and A virus M 2 polypeptides do not share any significant amino acid homology. It is interesting to note that unlike the influenza A and B virus M2 polypeptides, the predicted Dhori virus second ORF product does not contain any hydrophobic domains sufficient to span a lipid bilayer. -30  40  80  120  160  200  240  280   25  ,  ,  , 
Discussion
We have determined the complete nucleotide sequence of Dhori virus RNA-6. An analysis of the sequence data indicates that this RNA segment encodes a predicted 270 amino acid polypeptide that is likely to be the viral M~ protein. In addition, a second and partially overlapping ORF encodes a predicted protein of up to 141 amino acids that could be expressed in infected cells. We are uncertain of the mechanism(s) that might allow expression of this ORF (if expressed) and cannot detect either a subgenomic mRNA(s) or a polypeptide(s) in infected cells that might correspond to its product. We have determined previously that Dhori virus replication is sensitive to actinomycin D and ~-amanitin (Clerx et al., 1983) , and that viral RNA synthesis is inhibited by actinomycin D (our unpublished results). These results suggest that the nucleus may play a role in some aspect of viral RNA synthesis. If transcription of viral mRNA occurs in the nucleus, then splicing of Dhori virus mRNA could occur if appropriate splice junction sequences are present. We do not know at this time whether Dhori virus mRNA transcripts contain 5' heterogeneous sequences that are donated by cellular mRNA precursors, similarly to influenza A virus (Krug, 1981) .
It is interesting to note that although the amino acid sequences of the Dhori virus M1 and predicted second ORF polypeptides are not homologous with those of any other viral proteins, the strategy of gene expression (if expressed) could be analogous to the influenza A or B virus expression of M1 and M 2 proteins Briedis et al., 1982) . These data imply that the Dhori virus MI gene may share a common ancestral progenitor with the influenza virus group. This concept is also supported by the previous demonstration of significant amino acid sequence identity between the NPs of Dhori virus and the influenza virus group (Fuller et al., 1987) , and the PBl-like polymerase proteins (Lin et al., 1991) . Horvath et al. (1990) have demonstrated that influenza B virus RNA-7 encodes both the matrix protein and, in an overlapping reading frame, the BM2 polypeptide (Mr approx. 12000). The most likely means of expression of the BM2 polypeptide suggested by this group is by premature termination of translation of the matrix protein gene reading frame and reinitiation of translation in the BM2 reading frame. No evidence of a spliced or subgenomic mRNA for BM2 could be found in influenza B virus-infected cells. Further studies are needed to determine whether the predicted second ORF of Dhori virus RNA-6 is expressed in infected cells.
